The results obtained from toxicity assessment of quantum dots (QDs) can be used to establish guidelines for the application of QDs in bioimaging. This paper focused on the design of a novel method to evaluate the toxicity of CdTe QDs using engineering Escherichia coli as a model. The toxicity of mercaptoacetic acid (MPA), glutathione (GSH), and L-cysteine (Cys) capped CdTe QDs was analyzed according to the heterologous protein expression in BL21/DE3, engineering Escherichia coli extensively used for protein expression. The results showed that the MPA-CdTe QDs had more serious toxicity than the other two kinds of CdTe QDs. The microscopic images and SEM micrographs further proved that both the proliferation and the protein expression of engineering Escherichia coli were inhibited after treatment with MPA-CdTe QDs. The proposed method is important to evaluate biological toxicity of both QDs and other nanoparticles.
Introduction
Semiconductor quantum dots (QDs) are a unique class of nanomaterials with good optical properties, such as broad excitation spectra, narrow emission spectra, high quantum yields, and good photostability [1, 2] . Since QDs were first reported for biological applications by Alivisatos, Nie and their coworkers [3, 4] , the use of them in bioanalysis and bioimaging has dramatically increased [5, 6] .
QD toxicity assessment is a hot topic and the findings will help to establish useful guidelines for the use of QDs for bioimaging [7] [8] [9] [10] . In the past decade, various methods have been proposed for the evaluation of the toxicity of QDs [11] [12] [13] [14] [15] [16] . Lovrić et al. reported that unmodified CdTe QDs could induce cells to death by triggering the generation of reactive oxygen species [17] . Su et al. found that the released cadmium ions played an important role in inducing damage to HEK293 cells and that some special properties of nanoparticles contributed to the cytotoxicity of CdTe QDs at the same time [18] . Tan et al. investigated the relationship between cytotoxicity and the surface ligand of QDs and found that low cytotoxicity QDs could be designed and used as probes [19] . Ladhar et al. investigated the impact of dietary cadmium sulphide nanoparticles on zebrafish, and the results indicated that the toxicity of CdS nanoparticles was dependent on their size and concentration [16] .
Up to now, several research groups have used Escherichia coli (E. coli) as a model to evaluate the toxicity of QDs and other nanoparticles [20] [21] [22] [23] . Wang et al. studied the effects of CdTe QDs on E. coli cells, showing that CdTe QDs exhibited a dose-dependent inhibitory effect on cell growth [20] . Fang et al. investigated the effect of three different sizes of MPA-CdTe QDs on the growth of E. coli and found that CdTe QDs and their by-products had toxic effect on DNA, protein, enzyme, and so on in vivo [21] . Lai et al. investigated the inhibitory effects of different ligand-coated QDs on E. coli growth and 2 Journal of Nanomaterials found that the QDs modified with MPA showed higher toxicity than the others [15] . Xiao et al. evaluated the toxic effects of CdSe QDs and CdSe/ZnS QDs on the growth of both E. coli and Staphylococcus aureus (S. aureus) by microcalorimetry [22] and proposed that the microcalorimetric technique is a useful and a more convenient tool for the quantitative analysis of the toxic effects of QDs on bacterial metabolism. The effect of QDs on E. coli cells has been widely investigated, but to our knowledge, no method has been developed based on the protein expression in engineering E. coli.
Engineering E. coli is not only a good tool for genome science but also an ideal model organism for biological research [24, 25] . It is one of the most widely used hosts for the production of heterologous proteins [26] . The recombinant proteins expressed in engineering E. coli might account for up to 50 percent of the total cellular proteins [27] .
In the present work, the protein expression of engineering E. coli was used to study the toxicity mechanism of CdTe QDs coated with mercaptoacetic acid (MPA), glutathione (GSH), and L-cysteine (Cys). The results showed that MPACdTe QDs exhibited more influence than the other QDs on the heterologous protein expression of engineering E. coli. The reason was that both the proliferation and the protein expression of engineering E. coli were inhibited after treatment with MPA-CdTe QDs.
Experimental
The deionized distilled water used was prepared from a Milli-Q Academic water purification system (Millipore). CdCl 2 ⋅2.5H 2 O, NaOH, NaBH 4 , Na 2 TeO 3 , glutaraldehyde, MPA, GSH, and Cys were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Isopropyl -D-1-thiogalactopyranoside (IPTG) was purchased from SigmaAldrich Co., LLC. All reagents were of analytical reagent grade and used as received.
The MPA, GSH, and Cys capped CdTe QDs were prepared according to references with some modifications [28] [29] [30] . Briefly, while synthesizing green MPA coated CdTe QDs (MPA-CdTe), cadmium chloride (68.5 mg) was dissolved in water (150 mL), followed by the addition of thioglycolic acid (30 L) and 1 M NaOH solution to a final pH value of 11. After that, the mixture was stirred under N 2 for 20 min, followed by the rapid addition of sodium citrate (161.4 mg), sodium tellurite (13.2 mg), and sodium borohydride (15.0 mg) to the solution under N 2 stirring. Subsequently, the reaction mixture was heated to reflux for 3 h under N 2 . Finally, the resulting QD solution was mixed with ethanol at the rate of 1 : 1 and then centrifugalized (8000 rpm) for 5 min. After the precipitate was resuspended in deionized water, the purified QDs were obtained. GSH and Cys capped CdTe QDs were synthesized in similar way.
The UV-Vis spectra of CdTe QDs were obtained on a Thermo Nicolet Corporation Model Evolution 300 UVVisible spectrometer. The FL spectra were acquired on a RF-5301PC (Shimadzu) fluorescence spectrometer. The TEM images of QDs were observed on a FEI Tecnai G20 transmission electron microscope.
The frozen engineering E. coli cells were revived in LuriaBertani (LB) medium containing ampicillin for 12 h at 310 K. The engineering E. coli suspension obtained was transferred to a glass ampoule containing fresh LB medium and ampicillin, followed by 2 h incubation at 310 K. Subsequently, the IPTG and different amounts of QDs were added into each ampoule. After 5 h incubation, the E. coli cells were collected and prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) [31] . The gel images were obtained using the GelDoc 2000Fluo (Bio-Rad) gel imaging system.
The engineering E. coli cells were first fixed with 25% glutaraldehyde for 2 h, then washed three times, and resuspended in water. After centrifugalizing (3000 rpm) for 5 min, the precipitate was collected and dehydrated with graded ethanol series (30%-100%). The samples were deposited onto gold platelets as a 1 L droplet and then air-dried. A small amount of platinum was sputtered on the samples to avoid charging in the microscope.
To take the photomicrographs, bacteria of the midexponential growth phase were washed three times with sodium phosphate buffer (pH 7.2) and deposited/placed onto slides as a 5 L droplet, which were immediately covered with coverslips. Photomicrographs were taken with an oil immersion microscope by IX70 (Olympus) fluorescence microscopy at magnification of 400x. The SEM images of engineering E. coli were observed on an S-570 Scanning Electron Microscope (Hitachi).
Results and Discussion

Characterization of CdTe QDs.
The XRD patterns of CdTe QDs were obtained by a Bruker-D8 Advanced X-ray diffractometer. As shown in Figure S1 ∘ and 39.2 ∘ correspond to the crystal planes (111) and (220) of cubic CdTe phase [32] . Figure 1 shows the TEM images of MPA-CdTe QDs (Figure 1(a) ), GSH-CdTe QDs (Figure 1(b) ), and Cys-CdTe QDs (Figure 1(c) ). The sizes of MPA-CdTe QDs, GSH-CdTe QDs, and Cys-CdTe QDs were 2.7 ± 0.2, 2.5 ± 0.2, and 2.6 ± 0.2 nm, respectively. The concentrations of CdTe QDs were determined from the first absorption maximum of the UVVis absorption spectra (Figure 2 ) as reported previously by Yu et al. [33] . The peak emission wavelengths of MPA-CdTe QDs, GSH-CdTe QDs, and Cys-CdTe QDs were 560, 552, and 554 nm, respectively.
Toxicity Assay Based on Heterologous Protein Expression of
Engineering E. coli. The toxicity of CdTe QDs was evaluated according to heterologous protein expression in BL21/DE3, engineering E. coli extensively used for protein expression. To this end, plasmid pGEX-KG encoding glutathione S-transferase (GST) was introduced into BL21/DE3 and induced by isopropyl -D-1-thiogalactopyranoside (IPTG) as described previously, followed by a sodium dodecyl Journal of Nanomaterials sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. The expression of the GST protein of E. coli cells after treatment with different concentrations of three kinds of CdTe QDs is presented in Figure 3 . As shown in Figure 3(a) , the expression of the GST protein significantly decreased in BL21/DE3 treated with MPA-CdTe QDs, indicating that 5 and 10 nM MPA-CdTe QDs did not confer detectable toxicity to E. coli. However, when the concentration of MPA-CdTe QDs increased to 50 nM, the protein expression was strongly inhibited, suggesting that high concentration of MPA-CdTe QDs had serious toxicity. Additionally, the other protein bands become lighter due to the reduction of concentration of engineering E. coli. Under the same concentration conditions, the GST expression did not show a significant change after treatment with GSH-CdTe QDs (Figure 3(b) ) or Cys-CdTe QDs (Figure 3(c) ), even at a higher concentration. These results indicate that the surface reagents play a key role in the biological toxicity of QDs. The inhibition of the GST protein expression might be attributed to two factors: (1) CdTe QDs affect the proliferation of engineering E. coli and (2) CdTe QDs alter the physiological functions of engineering E. coli.
Toxicity Assay Based on Microscopic Images and SEM
Micrographs. To further investigate the effect of CdTe QDs on engineering E. coli, we examined the microscopic images of engineering E. coli treated with and without CdTe QDs. As shown in Figure 4 , the growing status of E. coli cells exhibited visual differences after treatment with three different CdTe QDs. The E. coli cells treated with MPA-CdTe QDs (Figure 4(b) ) exhibited obviously a smaller number than those untreated with MPA-CdTe QDs, while the E. coli cells treated with GSH-CdTe QDs (Figure 4(c) ) or Cys-CdTe QDs (Figure 4(d) ) showed nearly the same number as the control (Figure 4(a) ). The reason was due to the fact that MPA-CdTe QDs can strongly inhibit the growth of engineering E. coli., leading to the reduction of concentration of engineering E. coli. Lai Figure 2 : Absorption and emission spectra of three kinds of CdTe QDs. The peak emission wavelengths of MPA-CdTe QDs, GSH-CdTe QDs, and Cys-CdTe QDs were 560, 552, and 554 nm, respectively. [15] . They also found MPA-CdTe QDs can inhibit the growth of E. coli more effectively. Compared to the method of Lai and his coworkers, it is more economic and rapid to use engineering E. coli as sensor to evaluate the biotoxicity of QDs.
The morphologies of the majority of the cells treated with MPA-CdTe QDs were found to have changed from rod shape to stick shape (Figure 4(b) ). SEM micrograph analysis further confirmed that the rod-shaped cells turned to be longer and more irregular after treatment with MPACdTe QDs ( Figure 5(b) ), and a large number of broken cells were present. When compared to the untreated cells ( Figure 5(a) ), no number change was detected in the E. coli cells treated with GSH-CdTe QDs ( Figure 5(c) ) or Cys-CdTe QDs ( Figure 5(d) ). Wang et al. also used TEM to study the effect of MPA capped CdTe QDs on E. coli cells, and the results also showed that a higher concentration of QDs would lead to a dramatic change in the morphology of cells [20] . This means MPA-CdTe has a similar effect on both normal E. coli and engineering E. coli. Therefore, it could be concluded from these results that both the proliferation and the protein expression of engineering E. coli were inhibited after treatment with MPA-CdTe QDs.
Conclusion
In summary, a novel method to evaluate the biological toxicity of CdTe QDs has been developed based on protein expression of engineering E. coli. The results indicated that the toxicity of MAA-CdTe QDs was more than that of GSHCdTe QDs and Cys-CdTe QDs on the expression of the GST protein growth in engineering E. coli. The proposed method can be used not only to test the interaction between QDs and bacteria but also to test the biological toxicity of other nanoparticles.
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